, urinary Na ϩ loss is prevented by aldosteroneinduced Na ϩ reabsorption through epithelial Na ϩ channels (ENaC) in the connecting tubules (CNT) and cortical collecting ducts (CCD). However, the mechanism whereby K ϩ loss is minimized and Na ϩ reabsorption is maximized in the face of a reduced lumen-to-bath Na ϩ gradient is not fully understood. The large-conductance calciumactivated potassium channel (BK)␤1 subunit (gene: Kcnmb1), which has a role in K ϩ secretion in the CNT, is absent in the CCD in mice on a control diet. We hypothesized that BK␣/␤1 helps to maximize Na ϩ reabsorption during Na ϩ deficiency. With LNa ϩ , the Na ϩ clearance of Kcnmb1-mutant mice (Kcnmb1 Ϫ/Ϫ ) was 45% greater and the plasma Na ϩ concentration and osmolality were significantly reduced compared with wild-type mouse (WT) controls. On LNa ϩ , Kcnmb1 Ϫ/Ϫ exhibited exacerbated volume depletion (higher Hct and weight loss) compared with WT. LNa ϩ , which did not affect the mean arterial blood pressure (MAP) of WT, significantly reduced MAP of Kcnmb1 Ϫ/Ϫ . The plasma aldosterone concentration of Kcnmb1 Ϫ/Ϫ on LNa ϩ was significantly elevated compared with Kcnmb1 Ϫ/Ϫ on a control diet but was not different from WT on LNa ϩ . Immunohistochemical staining revealed that BK␣ and BK␤1, which were absent in the principal cells (PCs) of the CCD, were localized on the basolateral membrane (BSM) of PCs of WT on LNa ϩ . Moreover, BK␣ was absent from the BSM of PCs of Na ϩ -deficient Kcnmb1 Ϫ/Ϫ . We conclude that part of the mechanism to maximize Na ϩ reabsorption during Na ϩ deficiency is the placement of BK␣/␤1 channels in the BSM of CCD PCs. BK channel; maxi K; mineralocorticoids; adrenal cortex; potassium secretion HYPONATREMIA, the most common electrolyte abnormality in hospitalized patients, is associated with increased mortality and morbidity. Hyponatremia is frequently undiagnosed and untreated because patients are often asymptomatic (13) . Most cases of hyponatremia are associated with excessive levels of antidiuretic hormone (ADH or arginine vasopressin), resulting in hypervolemia. However, a subset of hyponatremic patients are beset with intermittent hypovolemic hyponatremia with an unknown cause (15) that may be partially genetic in origin.
Normally, sodium deprivation results in an aldosteronemediated avid sodium uptake via epithelial sodium channels (ENaC) in the apical membrane of the connecting tubules (CNT) and cortical collecting ducts (CCD) of the distal nephron. The distal nephron must discriminate between high aldosterone resulting from low sodium intake, which intends to restore blood volume, and high plasma potassium-induced aldosterone, which intends to stimulate potassium secretion. The WNK [with no lysine (K)] family of kinases has a critical role in this process by regulating NaCl cotransport in the early distal tubule (44) and potassium secretion in the CCD (40) . However, the mechanism by which sodium is reabsorbed with chloride rather than exchanging for potassium in the CCD is not entirely understood.
The large-conductance, calcium-activated potassium channel (BK, maxi K) is expressed in a variety of tissues throughout the body. The properties of BK are tailored to the needs of the cell either by gene splicing of the pore-forming ␣-subunit (gene: Kcnma1, protein: BK␣) or by the association of BK␣ with a particular ␤-subunit of which four have been identified and classified as BK␤1-4 (gene: Kcnmb1-4). BK␤1 is expressed mainly in smooth muscle cells, where it associates with BK␣ to enhance the channel's calcium sensitivity in order to more effectively hyperpolarize the membrane potential and mitigate contractile tone initiated by an increased cytoplasmic calcium concentration (5, 30) .
BK␣/␤1 is responsible not only for maintaining smooth muscle tone but also for regulating potassium secretion during high-flow conditions in the CNT of the mouse kidney (3, 31, 32) and the collecting duct of rabbit (43) . BK-mediated potassium secretion has also been shown to be sensitive to aldosterone. Mice fed a high-potassium diet had aldosterone-dependent increases in BK-mediated potassium secretion in the colonic epithelium (37) , but BK-mediated potassium secretion in the isolated rabbit CCD was not increased when aldosterone was elevated by a low-sodium diet (10) . It is unclear whether these contradictions reflect variations between species or tissues or the differential effects of high-potassium-versus lowsodium-induced aldosterone production.
The goal of this study was to determine the role of BK␤1 in the aldosterone response induced by sodium depletion. When sodium deprived, Kcnmb1-mutant mice (Kcnmb1 Ϫ/Ϫ ) exhibited exaggerated hyponatremia and volume depletion compared with wild-type mice (WT). The mechanism for maximizing sodium reabsorption in conditions of low sodium intake may involve placing BK␣/␤1 in the basolateral membrane of the CCD.
MATERIALS AND METHODS
Animals. All animals were maintained under conditions approved by the Institutional Animal Care and Use Committee of the University of Nebraska Medical Center. Three groups of male mice were used: WT (C57BL/6) were purchased from Charles River, while Kcnmb1 Ϫ/Ϫ and Kcnmb4 Ϫ/Ϫ , generated by Brenner et al. (4, 5) , were bred in the Animal Care Facility at the University of Nebraska Medical Center (UNMC). Kcnmb1 Ϫ/Ϫ and Kcnmb4
were weaned from their mother at 4 wk of age, and WT were delivered to UNMC at 7 wk of age. All mice were fed a control diet from 4 wk until being assigned to an experimental program (ϳ8 wk old). Experimental program. The control diet and low-Na ϩ diet were purchased from Harlan Teklad and were designed with the assistance of a Teklad-certified dietician. WT, Kcnmb1 Ϫ/Ϫ , and Kcnmb4 Ϫ/Ϫ had free access to water and were fed control diet (0.32% Na ϩ ) or low-Na ϩ diet (0.01% Na ϩ ). Before the experimental program, each animal was placed in a mouse metabolic cage (Nalgene) for a 3-day acclimation period. Urine samples were collected several times a day to prevent possible food or fecal contamination. Food and water intake was measured at the end of each day. After 3 days, the animals were returned to a group cage and placed on one of the diets for 10 days and then returned to a metabolic cage for another 2 days. Again, urine and feces were collected, volume and mass were recorded, and food (experimental diet) and water consumptions were measured. The animals then underwent terminal surgery.
Sample collection, preparation, and analysis. For sample collection, mice were anesthetized by Inactin injection (0.14 mg/g body wt ip). A tube was then inserted in the trachea, and catheters were inserted in the bladder (urine collection for creatinine measurements) and carotid artery. Blood samples were collected from the carotid artery for hematocrit, osmolality, Na were fixed in Bouin's solution, dehydrated in 70% ethanol, and then embedded in paraffin. Two slices from each paraffin block were mounted onto a histological slide. Just before immunohistochemical staining, slides were cleared in xylene followed by rehydration in a series of ethanol washes. When necessary, antigen retrieval was performed by boiling slides in 10 mM calcium citrate (pH 6.0). Autofluorescence was blocked by incubating slides in osmium tetraoxide for 2 min, followed by rinsing the slides overnight in deionized water. Sections were incubated in blocking buffer (PBS with 1% BSA and 1% powdered milk) for 30 min at room temperature, after which the primary antibodies were added (all diluted in blocking buffer 1:250). The sections were incubated overnight at 4°C with diluted primary antibody or an equal concentration of IgG from the host species of the primary antibody (negative controls).
The following day the slides were washed, incubated with secondary antibody (Alexa Fluor 488 and 594, Invitrogen) for 1 h, and washed again. All secondary antibodies were diluted 1:400 in blocking buffer. Coverslips were mounted with ProLong Gold Antifade (Invitrogen), and the sections were observed and photographed with a Leica HC fluorescent microscope with a 40ϫ/0.75 numerical aperture HCX PL Fluotar objective fitted with a Q Imaging Retiag EXi charge-coupled device camera and analyzed with Q Capture Pro software (version 6.0, Media Cybernetics). Image contrast and brightness were occasionally adjusted with Adobe Photoshop. All adjustments were made evenly to the entire image and were in no way used to alter the results or misrepresent staining.
Antibodies against BK␣ (NeuroMab), BK␤1 (Affinity Bioreagents), and segment-and cell type-specific proteins were used to identify and localize BK channels in the distal nephron. For the connecting tubule, anti-sodium/calcium exchanger (NCX, Swant) was used, while anti-aquaporin 2 (AQP2; gift from Dr. J. B. Wade) was used to identify the collecting duct. BK␣ and BK␤1 expression in a particular cell type of the distal nephron, principal cells (PCs) vs. intercalated cells (ICs), was determined by using an antibody against the vacuolar H ϩ -ATPase (V-ATPase, Santa Cruz), which labels the ICs of CNT and CD. Additionally, NCX and AQP2 are expressed in the CNTs (principal-like cells of the connecting tubule) and PCs of the connecting tubule and collecting duct, respectively.
Statistics. Significant differences between WT, Kcnmb1 Ϫ/Ϫ , and Kcnmb4 Ϫ/Ϫ were determined by ANOVA plus Student-NewmanKeuls test (P Ͻ 0.05 considered significant) or the t-test for unpaired data (P Ͻ 0.05). Significant differences between treatment groups (control, low Na ϩ ) or between genotypes (WT, Kcnmb1 Ϫ/Ϫ ) were determined by the t-test for unpaired data.
RESULTS
Clearance studies were performed on WT, Kcnmb1
, and Kcnmb4 Ϫ/Ϫ placed on either regular or low-Na ϩ diet for 10 days. We examined the sodium and water balance of the animals and the specific membrane localization of BK␣ and BK␤1 in the CNT and CCD of the mouse.
Sodium and water balance. Whether BK␤1 or BK␤4 subunits have a role in maintaining plasma [Na ϩ ] and osmolality when mice are fed a low-Na ϩ diet for 10 days was investigated. No change in plasma [Na ϩ ], plasma osmolality, or sodium clearance was detected between WT samples taken at the beginning of the experimental program and WT samples collected after 10 days on the control diet. This was also true for Kcnmb1 Ϫ/Ϫ and Kcnmb4 Ϫ/Ϫ . Figure 1A shows that the plasma [Na ϩ ] of Kcnmb1 Ϫ/Ϫ on the control diet was 143.2 Ϯ 0.4 mM (n ϭ 11), a value significantly greater than the plasma [Na ϩ ] values for WT (139.1 Ϯ 0.5 mM; n ϭ 9) and Kcnmb4 Ϫ/Ϫ (138.6 Ϯ 0.6 mM; n ϭ 9). A detailed discussion of differences between WT and Kcnmb1 Ϫ/Ϫ under control diet conditions is reported in Ref. 17a . In contrast, on the low-Na ϩ diet, the plasma [Na ϩ ] of Kcnmb1 Ϫ/Ϫ was 128.0 Ϯ 1.2 mM (n ϭ 9), a value significantly less than WT (136.5 Ϯ 0.6 mM; n ϭ 10) and Kcnmb4 Ϫ/Ϫ (136.0 Ϯ 0.8 mM; n ϭ 9). Figure 1B shows that the plasma osmolality of Kcnmb1 Ϫ/Ϫ on a control diet was 321.8 Ϯ 1.1 mosmol/kgH 2 O (n ϭ 11), which was significantly greater than WT (313.6 Ϯ 1.1 mosmol/ kgH 2 O; n ϭ 9) and Kcnmb4 Ϫ/Ϫ (316.2 Ϯ 1.2 mosmol/kgH 2 O; n ϭ 9). On a low-Na ϩ diet, Kcnmb1 Ϫ/Ϫ plasma osmolality values were 303.8 Ϯ 1.2 mosmol/kgH 2 O (n ϭ 9), a value that was significantly less than WT (313.6 Ϯ 0.8 mosmol/kgH 2 O; n ϭ 10) and Kcnmb4 Ϫ/Ϫ (313.6 Ϯ 0.9 mosmol/kgH 2 O; n ϭ 9). These results show that Kcnmb1
Ϫ/Ϫ , exhibit defective sodium reabsorption when placed on a low-Na ϩ diet, resulting in hyposmolality and hyponatremia.
Sodium clearance values for WT, Kcnmb1 Ϫ/Ϫ , and Kcnmb4 Ϫ/Ϫ on control and low-Na ϩ diets are shown in Fig.  1C . As shown, the sodium clearance rate for Kcnmb1 Ϫ/Ϫ on the control diet was 1.66 Ϯ 0.05 ml/day (n ϭ 11), a value significantly less than the value for WT (1.89 Ϯ 0.05 ml/day; n ϭ 9) and Kcnmb4 Ϫ/Ϫ (1.84 Ϯ 0.04 ml/day; n ϭ 9). However, on a low-Na ϩ diet, Kcnmb1 Ϫ/Ϫ sodium clearance was 0.19 Ϯ 0.01 ml/day (n ϭ 9), which was substantially reduced from that for Kcnmb1 Ϫ/Ϫ on the control diet but significantly greater than the sodium clearance for WT (0.11 Ϯ 0.01 ml/day; n ϭ 10) and Kcnmb4 Ϫ/Ϫ (0.12 Ϯ 0.01 ml/day; n ϭ 9) on the low-Na ϩ diet. The enhanced sodium clearance of sodium-deprived Kcnmb1 Ϫ/Ϫ reflects the failure of these mice to maximize sodium reabsorption. Table 1 summarizes changes in food and water consumption and urine output resulting from the change in diet (paired data, before and after animals were placed on the low-Na ϩ diet; no changes in these parameters were observed in the animals that remained on the control diets for the duration of the experiments). No significant difference in food and water consumption or urine output was detected between the different genotypes on the control diet. After 10 days on the low-Na ϩ diet all three genotypes had significantly increased food consumption and significantly decreased water consumption and urine output compared with control diet. Additionally, Kcnmb1 Ϫ/Ϫ food consumption (low-Na ϩ diet) and urine output were significantly higher than that of WT and Kcnmb4 Ϫ/Ϫ on the same diet. Kcnmb1 Ϫ/Ϫ water intake was lower than that of the other two genotypes during sodium restriction, but was not statistically significant. Table 2 reports changes in serum creatinine levels. No difference in serum creatinine was detected between the three genotypes (WT, Kcnmb1 Ϫ/Ϫ , or Kcnmb4 Ϫ/Ϫ ) when animals were fed either control or low-Na ϩ diet. However, switching the animals from the control to the low-Na ϩ diet resulted in a significant increase in serum creatinine in all three of the genotypes. The most likely explanation for the increase in serum creatinine is that glomerular filtration rate (GFR) is reduced in an attempt to minimize sodium excretion.
Extracellular fluid volume. The plasma volume status of WT, Kcnmb1 Ϫ/Ϫ , and Kcnmb4 Ϫ/Ϫ on control and low-Na ϩ diets was determined by hematocrit (Hct) and weight change. As shown in Fig. 2A , the Hct of Kcnmb1 Ϫ/Ϫ on the control diet was 41.6 Ϯ 0.3% (n ϭ 11), a value significantly less than WT (45.7 Ϯ 0.4%; n ϭ 9) and Kcnmb4 Ϫ/Ϫ (45.9 Ϯ 0.3%; n ϭ 9) reflecting the slight volume expansion of Kcnmb1 Ϫ/Ϫ . On the low-Na ϩ diet the Hct of WT was 48.7 Ϯ 0.3% (n ϭ 10) and of Kcnmb4 Ϫ/Ϫ was 48.1 Ϯ 0.3% (n ϭ 9). Both of these values are significantly greater than that of their genotype on the control diet but are not significantly different from each other. However, the Hct of sodium-deficient Kcnmb1 Ϫ/Ϫ was 52.3 Ϯ 0.4% (n ϭ 9), a value significantly greater than the Hct of WT and Fig. 1 
Kcnmb4
Ϫ/Ϫ on the low-Na ϩ diet and its own genotype on the control diet. This value is consistent with a state of severe volume depletion.
As shown in Fig. 2B , Kcnmb1 Ϫ/Ϫ on the control diet exhibited a near-normal weight gain of 0.19 Ϯ 0.03 g (n ϭ 11), an amount not significantly different from WT (0.25 Ϯ 0.04 g; n ϭ 9) or Kcnmb4 Ϫ/Ϫ (0.21 Ϯ 0.03 g; n ϭ 9). However, on the low-Na ϩ diet, Kcnmb1 Ϫ/Ϫ lost 0.90 Ϯ 0.05 g (n ϭ 9), which is a significant decrease from WT, which gained 0.14 Ϯ 0.04 g (n ϭ 10) on the low-Na ϩ diet, and Kcnmb4 Ϫ/Ϫ (0.17 Ϯ 0.05 g; n ϭ 9). These results further support the conclusion that Kcnmb1 Ϫ/Ϫ on the low-Na ϩ diet cannot maximize sodium reabsorption, resulting in a loss of extracellular volume.
Because of the lack of any detectible phenotype, altered physiology, or significant difference between WT and Kcnmb4 Ϫ/Ϫ , the remainder of this report focuses on Kcnmb1 Ϫ/Ϫ physiology and its comparison to WT.
Mean arterial blood pressure. Studies from this (31) and other labs (5) have consistently shown that Kcnmb1 Ϫ/Ϫ mice have a mean arterial blood pressure (MAP) that is ϳ22 mmHg higher than that of WT mice. In the present study, the effect of a low-Na ϩ diet on WT and Kcnmb1 Ϫ/Ϫ MAP was investigated. As shown in Fig. 3 , the MAP of Kcnmb1 Ϫ/Ϫ on a control diet was 135.5 Ϯ 3.2 mmHg (n ϭ 11), a value significantly greater than WT (113.1 Ϯ 3.6 mmHg; n ϭ 9). On the low-Na ϩ diet, the MAP of Kcnmb1 Ϫ/Ϫ was 119.9 Ϯ 2.8 mmHg (n ϭ 9), a value significantly greater than that of WT on the same diet (109.6 Ϯ 3.6 mmHg; n ϭ 10). In WT, the MAP of animals on the sodium-deficient diet was not different from those on the control diet. However, the MAP of Kcnmb1 Ϫ/Ϫ on the sodiumdeficient diet was significantly less than that of Kcnmb1 Ϫ/Ϫ on a control diet. These results indicate that sodium depletion affects the MAP of Kcnmb1 Ϫ/Ϫ but not WT. Plasma aldosterone levels. The cause of the reduced sodium reabsorption observed in Kcnmb1 Ϫ/Ϫ on the sodium-deficient diet was investigated. The results of sodium deprivation on the plasma aldosterone levels for WT and Kcnmb1 Ϫ/Ϫ are shown in Fig. 4 . On the control diet, the plasma aldosterone concentration of Kcnmb1 Ϫ/Ϫ was 148.1 Ϯ 5.2 pg/ml (n ϭ 7), a value that was significantly elevated compared with the WT value of 93.6 Ϯ 4.5 pg/ml (n ϭ 6). On the low-Na ϩ diet, the plasma aldosterone levels increased to similar values of 217.6 Ϯ 12.1 pg/ml (n ϭ 5) for WT and 218.3 Ϯ 11.6 pg/ml (n ϭ 5) for Kcnmb1 Ϫ/Ϫ . Therefore, the reduced renal sodium reabsorption observed in Kcnmb1 Ϫ/Ϫ on the sodium-deficient diet was not the result of a reduced aldosterone response to renin-angiotensin II (ANG II) signaling.
Potassium handling. In the CCD, the driving force for sodium reabsorption can be enhanced by increasing potassium secretion. It was discovered previously that potassium secretion is impaired in Kcnmb1 Ϫ/Ϫ under acute volume expansion (31) . Defective sodium reabsorption in the CCD of Kcnmb1 Ϫ/Ϫ on a low-Na that of WT (4.10 Ϯ 0.05 mM; n ϭ 9). On the low-Na ϩ diet, the plasma [K ϩ ] for Kcnmb1 Ϫ/Ϫ was 4.34 Ϯ 0.04 mM (n ϭ 9), a value that was significantly greater than that of WT on the same diet (4.05 Ϯ 0.07; n ϭ 10), but not different from the plasma [K ϩ ] of Kcnmb1 Ϫ/Ϫ on the control diet. Figure 5B shows the potassium clearances for WT and Kcnmb1 Ϫ/Ϫ on control and low-Na ϩ diets. On the control diet, the potassium clearance for Kcnmb1 Ϫ/Ϫ was 95.9 Ϯ 4.1 ml/day (n ϭ 11), a value slightly but significantly less than that of WT (107.7 Ϯ 2.8 ml/day; n ϭ 9). On the low-Na
exhibited a potassium clearance of 34.7 Ϯ 0.8 ml/day (n ϭ 9), a value that was significantly less than that of Kcnmb1 Ϫ/Ϫ on the control diet but not different from WT on the low-Na ϩ diet (36.4 Ϯ 1.1 ml/day; n ϭ 10). These results show that the reduced sodium reabsorption in Kcnmb1 Ϫ/Ϫ compared with WT on the low-Na ϩ diet was not the result of reduced potassium secretion.
Localization of BK␣ and BK␤1. Sodium-deficient Kcnmb1
Ϫ/Ϫ exhibited a loss of sodium and became hyponatremic and hydropenic relative to WT; however, potassium secretion was normal. To increase sodium reabsorption without a concomitant increase in potassium secretion, BK␣/␤1 could be targeted to the basolateral membrane of the sodium-reabsorbing cells of the distal nephron. Figure 6A shows a section of CCD, marked by anti-AQP2 (red) in the luminal membrane of the PCs. As shown, BK␣ (green) localized to ICs and was not present on the apical or basolateral membrane of PCs. As shown in Fig.  6B , the immunostaining of BK␣ (green) was localized on the basolateral membrane of the CCD, which is marked by AQP2 (red) on the luminal membrane. Note that anti-BK␣ does not stain the basolateral membrane of ICs, which are cells devoid of anti-AQP2 staining. Figure 6C shows CNTs (principal-like cells of the connecting tubule) merging into a CCD. As shown, BK␣ (green) localized in the CCD on the basolateral membrane of PCs. The ICs of the CNT and CCD are marked by anti-V-ATPase (red) staining. Anti-BK␣ is costained with anti-V-ATPase (yellow merge) in most ICs of both the CNT and CCD. There was no evidence of BK␣ staining on the basolateral membrane of this or any other CNT segments (arrow in Fig. 6C points to CNT) . Figure 7 shows the membrane localization of BK␤1 with immunohistochemical staining of renal sections from WT on a control or low-Na ϩ diet. Figure 7A shows a section of CCD, marked by anti-AQP2 (red) in the luminal membrane of the PCs. BK␤1 (green) was absent from the cells of the CCD from WT on a control diet (17) . As shown in Fig. 7B , when WT were placed on a low-Na ϩ diet, the immune staining of BK␤1 (green) localized on the basolateral membrane of the CCD PCs, marked by the localization of AQP2 (red) on the luminal membrane. Figure 7C reveals the localization of BK␤1 on the basolateral membrane of the PCs of CCD from sodium-deficient WT. That BK␤1 is not localized on ICs is shown by the absence of BK␤1 staining on cells marked by V-ATPase.
Two previous studies have shown that BK␤1 expression influences BK␣ membrane localization. In one study BK␤1 expression increased BK␣ membrane expression (20) , while the other study reported that BK␤1 expression decreased BK␣ membrane expression (39) . One possible explanation for the sodium-wasting in Kcnmb1 Ϫ/Ϫ on the low-Na ϩ diet could be reduced basolateral BK␣ expression. Figure 8A shows double immunohistochemical staining of the CCD of Kcnmb1 Ϫ/Ϫ with anti-BK␣ (green) and V-ATPase (red). There was no evidence that BK␣ localized to the basolateral membrane of sodiumdeficient Kcnmb1 Ϫ/Ϫ . Figure 8B shows no staining for anti-BK␤1 in CCD marked by anti-AQP2 (red) of sodium-deficient Kcnmb1 Ϫ/Ϫ . These results indicate that BK␤1 is necessary for localization of BK␣ to the CCD basolateral membrane of sodium-deprived animals. 
DISCUSSION

This study showed that Kcnmb1
Ϫ/Ϫ are unable to maximize sodium reabsorption during states of volume depletion.
Kcnmb1
Ϫ/Ϫ are more volume depleted, excrete more sodium, and are hyponatremic compared with WT. The results with Kcnmb1 Ϫ/Ϫ also contrast with Kcnmb4 Ϫ/Ϫ , which exhibit plasma sodium and excretion levels similar to those of WT. Evidence shows that BK␤1, normally absent in the PCs of the CCD of WT on a control diet (32) , is present along with BK␣ in the basolateral membrane of CCD from sodium-deprived WT.
Role for renal BK␣/␤1 in sodium reabsorption. It was previously shown that the renal BK␤1 is located exclusively in the CNT, where it has a role in potassium secretion during acute volume expansion (32) . The present study shows that BK␤1 localizes to the basolateral membrane of the CCD but not the CNT during low-Na ϩ diet conditions. The BK␣/␤1 channel is also located in mesangial cells (22) , where it may be involved in regulating GFR with acute volume expansion (31) and influence sodium absorption. However, the finding that GFR was not different among the different genotypes on the low-Na ϩ diet and the finding that the plasma aldosterone levels were the same in WT and Kcnmb1 Ϫ/Ϫ on low-Na ϩ diets suggest that the BK␣/␤1 in these glomerular cells are not influencing sodium reabsorption.
The PCs of the CCD are sodium-reabsorbing and potassiumsecreting cells of the nephron (23, 25) . With a low-Na ϩ diet, the CCD PCs exhibit increased expression of the ENaC (8, 27) and Na ϩ -K ϩ -ATPase (12, 19) . Under conditions of low luminal sodium, the chemical gradient for sodium entry is limited across the PC apical membrane. Incorporating BK into the basolateral membrane would increase the cellular electronegative driving force, thereby compensating for the low chemical gradient for sodium entry.
The finding that BK␣/␤1 in the CCD is necessary for complete sodium reabsorption is in disagreement with a study showing that genetic ablation of ENaC in the CCD did not affect sodium balance in mice on a low-Na ϩ diet (33) . However, sodium balance in that study was determined after placing mice on a sodium-deficient diet for 5 days, whereas the mice of the present study were on a low-Na ϩ diet for 10 days. It would be interesting to determine whether the CCD ENaCablated mice adapted by localizing BK-␣/␤1 in the basolateral membrane of the CNT to maximize sodium reabsorption in a sodium-deficient state.
The finding that BK␣ did not localize to the basolateral membrane of the CCD of Kcnmb1 Ϫ/Ϫ was interesting considering BK␤1 has been shown to downregulate BK␣ from the plasma membrane (39) . However, another study showed that incorporating BK␤1 in HEK293 cells increased the expression of an isoform of BK␣ in the plasma membrane (20) .
It was shown previously that BK-mediated potassium secretion in the isolated rabbit CCD is not increased when aldosterone is elevated by a low-Na ϩ diet (10). The results presented here are in agreement with this finding because no difference in potassium clearance was detected between Kcnmb1 Ϫ/Ϫ and WT fed a sodium-deficient diet. However, potassium secretion for WT on the low-Na ϩ diet is substantially less than it is for WT on the control diet, despite the fact that plasma [Aldo] is substantially elevated. Major differences between the two conditions are the higher filtrate flow rates that accompany a high-K ϩ diet and the elevation of ANG II that accompanies a low-Na ϩ diet. Two studies support the notion that ANG II inhibits potassium secretion. In micropuncture experiments, ANG II inhibited potassium secretion in rat distal tubules (41) and ANG II inhibited renal outer medullary K ϩ channel (ROMK) activity in isolated rat CCD (42) .
ANG II is the probable mediator for the basolateral localization of BK␣/␤1 in the CCD of sodium-deficient mice. When aldosterone is increased by a low-Na ϩ diet, as opposed to a high-K ϩ diet, ANG II is also increased. ANG II receptors (A 1 ) are localized in the mammalian CCD (6, 29, 38) and ANG II increases sodium absorption in mammals (7) via ENaC (29) and chloride absorption via pendrin (28) . As sodium transport is enhanced through the basolateral Na ϩ -K ϩ -ATPase, recycling of potassium will increase via BK across the basolateral membrane.
Stimulation of Na ϩ -K ϩ -ATPase and BK would tend to hyperpolarize the membrane potential of the CCD basolateral membrane. Therefore, BK␣/␤1 would require a source of calcium or activation by another cell signaling mechanism for a sustained activation. Stimulation of ANG II type 1 (AT 1 ) receptors activates phospholipase C via G protein coupling generating calcium and activation of protein kinase C (PKC). Indeed, BK␤1 is required for activation of BK by PKC in colonic myocytes (18) . It is therefore possible that ANG II increases plasma membrane insertion or activation of BK␣/␤1 through a PKC signaling pathway. Transient receptor potential (TRP)C6 channels, discovered in the basolateral membrane of the rat collecting duct (14) , could provide the entry point for extracellular calcium. Aldosterone increases TRPC6 expression (2), while ANG II-induced PLC-mediated production of diacylglycerol (DAG) activates TRPC6 channels in a variety of cells (1, 26) . Moreover, ANG II activates TRPC6 via AT 1 receptors linked to PLC in mesenteric artery myocytes (34) . The combination of increased aldosterone and ANG II levels, as observed in sodium restriction, could potentially maximize TRPC6 expression and activity. Additionally, while TRPC6 (a nonselective cation channel) has limited selectivity for calcium over sodium at near-zero and positive membrane potentials, it becomes highly selective for calcium at electronegative mem- brane potentials (9)-such as those observed at the basolateral membrane. These molecular and biophysical properties make TRPC6 channels particularly attractive as the source of calcium to activate BK␣/␤1 in the basolateral membrane of the CCD.
The BK␣ subunit was clearly expressed on the basolateral membrane of the CCD of mice on the low-Na ϩ diet and on ICs of mice on the control diet. However, it was difficult to detect BK␣ staining on the PCs of mice on the control diet despite the discovery with patch clamping of BK currents on the apical membrane of the PCs of rats on a normal diet. It may be that the BK␣ on the apical membrane of the PCs is a splice variant that is not recognized by our antibody.
MAP and aldosterone. This study confirmed previous reports (5, 16, 21) that Kcnmb1 Ϫ/Ϫ are hypertensive (ϳ20 mmHg). The low-Na ϩ diet did not affect the MAP of WT; however, when Kcnmb1 Ϫ/Ϫ were sodium deprived MAP decreased by 15 mmHg.
The low-Na ϩ diet did not produce more plasma aldosterone in Kcnmb1 Ϫ/Ϫ compared with WT. That sodium deprivation did not produce attenuated aldosterone production in Kcnmb1 Ϫ/Ϫ yields the conclusion that the reduced sodium reabsorption of Kcnmb1 Ϫ/Ϫ is not the result of a diminished ANG II-mediated aldosterone response.
Extracellular volume regulation. In this study, Kcnmb1
Ϫ/Ϫ fed a sodium-deficient diet developed hyponatremia and became hypovolemic. Most cases of hyponatremia are associated with excessive water retention stimulated by elevated levels of ADH. Although ADH levels were not measured, it is unlikely that the hyponatremia in Kcnmb1 Ϫ/Ϫ was the result of excessive ADH, because this would result in reduced urine output. The information summarized in Table 1 indicates that Kcnmb1 Ϫ/Ϫ on the low-Na ϩ diet had significantly more urine output than WT and Kcnmb4 Ϫ/Ϫ . Additionally, water intake was not significantly different among the three genotypes on the low-Na ϩ diet but was significantly less in all genotypes compared with water intake on the control diet.
A comparison of urine outputs relative to water intakes shows that on the control diet WT and Kcnmb4 Ϫ/Ϫ excreted 45.6% and 45.8% of water consumed, respectively, while Kcnmb1 Ϫ/Ϫ excreted 41.1% of water consumed. On the lowNa ϩ diet, WT and Kcnmb4 Ϫ/Ϫ had urine volumes that were 45.5% and 44.5%, respectively, of their respective water intakes. However, Kcnmb1 Ϫ/Ϫ on the low-Na ϩ diet had urine volumes that were 58.6% of water intake. The positive shift in urine output relative to water intake observed in Kcnmb1 Ϫ/Ϫ on the low-Na ϩ diet is additional support for sodium depletion, as opposed to volume expansion, as the cause of hyponatremia. The remaining explanations for the hyponatremia are that the animals are consuming less food or excreting more water. The data in Table 1 show that on the control diet all three genotypes consumed nearly equal amounts of chow; however, when the animals were placed on the low-Na ϩ diet, each genotype consumed significantly more, with WT and Kcnmb4 Ϫ/Ϫ increasing food consumption by 20% and 16%, respectively, and Kcnmb1 Ϫ/Ϫ by 41%. The caloric and protein content of the control and low-Na ϩ diets were the same, implying that Kcnmb1 Ϫ/Ϫ consumed more of the low-Na ϩ diet in an effort to fulfill an enhanced salt appetite.
Perspectives and significance. Hyponatremic volume depletion is a frequent problem with elderly patients receiving diuretic therapy (15, 35) . That the BK␣/␤1 channel, shown in this study to be involved in maximizing sodium reabsorption during sodium deprivation, decreases in expression with aging (24) may be an important component of the hyponatremia and hydropenia in the elderly.
Polymorphisms of BK␤1 have been attributed to asthmatic conditions in African men (36) and protection from hypertension (11) . It would be interesting to determine whether these patients also exhibit the phenotype of intolerance to sodium deprivation as described in this study for Kcnmb1 Ϫ/Ϫ .
